The epoxy-bonded system has been widely used in various applications across different scale lengths. Prior investigations have indicated that the moisture-affected interfacial debonding is the major failure mode of such a system, but the fundamental mechanism remains unknown, such as the basis for the invasion of water molecules in the cross-linked epoxy and the epoxy-bonded interface. This prevents us from predicting the long-term performance of the epoxy-related applications under the effect of the moisture. Here, we use full atomistic models to investigate the response of the epoxy-bonded system towards the adhesion test, and provide a detailed analysis of the interfacial integrity under the moisture effect and the associated debonding mechanism. Molecular dynamics simulations show that water molecules affect the hierarchical structure of the epoxy-bonded system at the nanoscale by disrupting the film-substrate interaction and the molecular interaction within the epoxy, which leads to the detachment of the epoxy thin film, and the final interfacial debonding. The simulation results show good agreement with the experimental results of the epoxy-bonded system. Through identifying the relationship between the epoxy structure and the debonding mechanism at multiple scales, it is shown that the hierarchical structure of the epoxy-bonded system is crucial for the interfacial integrity. In particular, the available space of the epoxy-bonded system, which consists of various sizes ranging from the atomistic scale to the macroscale and is close to the interface facilitates the moisture accumulation, leading to a distinct interfacial debonding when compared to the dry scenario.
Introduction
Epoxy-bonded systems exist in a wide array of engineering applications at different length scales, such as the microscopic sensors used in the micro-electro-mechanical system (MEMS), the fiber-reinforced polymer materials used in the structural retrofitting in the civil infrastructure, and the polymer composites used in the airplane and car manufacturing [1] [2] [3] [4] . In general, the epoxy is good in adhesion, which is necessary for an effective stress transfer between the bonded materials, and the good adhesion can ensure the functionality and performance of the epoxy-related engineering applications throughout the intended service life [5, 6] . However, the tendency of the epoxy-bonded system to absorb moisture is an acknowledged drawback as the properties of the epoxy are easily influenced by the absorbed moisture, and more importantly, it can result in a premature interfacial debonding in the epoxy-bonded systems, as demonstrated in several experimental and simulation studies [7] [8] [9] [10] [11] [12] . Yet, such interfacial degradation due to the moisture cannot be fully explained without a fundamental understanding (i.e. down to the atomistic scale) between the material system and the surrounding. In addition, the development of the material design standard towards the performance-based approach places an emphasis on the interfacial integrity of the bonded systems as it is critical to maintain a satisfactory long-term structural performance. Therefore, there is a need for a comprehensive understanding of the interfacial integrity at multisple length scales as affected by the moisture.
Extensive efforts have been focused on quantitatively describing the molecular origins of the interfacial deterioration of the epoxy-bonded systems [10] [11] [12] [13] . The epoxybonded systems feature the hierarchical structures ranging from the epoxy molecule, the epoxy monomer, the cross-linked structure, to the mesoscale network with structural voids, and to the macroscale epoxy thin film bonded to the supporting substrate, as shown in figure 1. The single epoxy monomer is formed through the polymerization among the associated molecules and each epoxy monomer can then form cross-links with others in a three-dimensional manner, leading to a bulk cross-linked structure. The stark differences observed for the global interfacial integrity under the moisture effect are often attributed to the conformational changes and the interaction differences of the bonded materials and the absorbed water molecules in the local interphase regions, as the microscopic interfacial layer of the bonded epoxy can exhibit the conformational and dynamical differences when compared to the bulk epoxy material. Previous studies have shown that the change in the polymer molecular structure, which includes the cross-linking density and the intra-molecular interaction, can result in the adhesion variation of the polymer thin film to the substrate [14, 15] . Although there is a clear piece of evidence that the moisture plays a key role in the interfacial integrity, a complete microscopic understanding of the interactions between the water and the different hierarchical structures of Figure 1 . Overview of the epoxy-bonded system at different length scales: from the nanoscale interface, including the epoxy monomer on top of the silica surface, and the molecular epoxy cross-linked structure attached to the silica substrate; to the mesoscale epoxy network with structural voids in the vicinity of interface; and to the macroscale epoxy photoresist spin-coated on the wafer. To understand the interfacial debonding mechanism, it is important to elucidate the mechanism at the atomistic and molecular level, so as to predict the system performance through a bottom-up approach.
the epoxy-bonded system remains elusive. By knowing the effect of the moisture at different length scales, engineers can select the appropriate type of epoxy associated with the concerned applications and can improve the performance of the epoxy against the moisture through the concept of the nanocomposites. In particular, the long-term performace of the epoxy-bonded system under the influence of the moisture can be predicted.
The measurement of the interface adhesion properties at different length scales has become a non-trivial task. In order to understand the fundamentals of the interfacial integrity of the bonded material system, various techniques including the micro-and nanoscale experiments, as well as the associated simulations, have been carried out. Two types of the experimental methods have been commonly used. The first type includes a direct measurement of a single chain adhesion to a substrate, such as atomic force microscopy [16] , surface force apparatus [17] , optical trapping [18, 19] , and other methods [20, 21] . The second type is an indirect measurement including the compressibility cell, osmotic pressure method, and superlayer approach [10, 22, 23] . These various techniques can provide useful information on the detailed interactions between the bonded polymer and the substrate, so as to predict the global performance of the epoxy-bonded system. Besides experiments, the simulations of the atomistic and molecular models are of great use for understanding the nanoscale material behavior and elucidating the fundamental mechanism of the interfacial adhesion [24, 25] . With the high-level control of the system models and the simulation conditions, the molecular dynamics (MD) simulations allow a high fidelity to the observed properties of interest by simultaneously capturing the behavior of the investigated materials during the simulation process. Particularly, the steered molecular dynamics (SMD) simulation is a useful tool for this purpose as it can provide a unique mechanistic insight into the interfacial debonding process by allowing the application of various forces and the inspection of the molecular interactions and the conformational behaviors of the bonded interface, so that the time scale limitation can be overcome [8, 15, [26] [27] [28] [29] . The obtained energetic relationships can then be used for describing the interfacial mechanics and predicting the interfacial adhesion by using the fracture mechanics knowledge.
The objectives of this paper are to probe the fundamental mechanism of the moisture effect on the interfacial integrity of the epoxy-bonded system by the simulations at the nanoscale, and to evaluate the durability of the epoxy-bonded system by correlating our simulation results with those measured in the microscale experiment. The paper begins with the investigation at the atomistic level, with the focus on the moisture effect on the adhesion between the substrate and the single epoxy chain (i.e. the most fundamental structure of the epoxy material). Further investigations focus on the moisture-affected interfacial integrity of the epoxy-bonded system at the molecular level, which probe the adhesion of the epoxy models with various cross-linking densities under the moisture effect. By examining the material behavior of the epoxy-bonded interface and the water molecules at the nanoscale, a bottom-up nano-mechanical analysis of the moisture-affected interfacial debonding is provided. The hierarchical approach used in this study covers the nanoscale modeling and the correlation with the microscale experiment, which relates the interfacial integrity to the hierarchical structures of the epoxy in both the dry and the wet states, and provides the knowledge on the complicated interfacial debonding mechanism. Such knowledge forms the fundamental basis for predicting the system durability (i.e. the longterm performance), as well as improving the moisture resistance of the epoxy-related applications across different length scales.
Methods
The hierarchical approach used here involves the simulation based on the epoxy-bonded system at the atomistic and molecular level, which comprises either the single epoxy chain or the epoxy cross-linked network bonded to the supporting substrate, as shown in figure 1 . The interfacial adhesion of these concerned interfaces at different length scales is computed, which is correlated with the conformational changes of the epoxy nanostructure as well as the surrounding water molecules in the wet state to understand the interfacial debonding under the moisture effect. The detailed method used in this work is provided in the following sections.
Molecular modeling
The approach to investigate the molecular origin of the interfacial integrity is the use of the adhesion test to study the structural behavior of the epoxy-bonded interface from the level of the single epoxy chain to the epoxy cross-linked network [8, 11] . In this way it is applicable to obtain the quantitative data on the nanoscale mechanical behavior of both the single epoxy chain and the cross-linked network in order to assess the microscopic information of the interfacial integrity, and to understand the material performance at the larger length scales. At the atomistic level, the interface model comprises a single chain of the epoxy bonded to the crystalline silica substrate. The detailed modeling procedures including the construction of the epoxy chain model and the silica substrate are described in our previous study [8] . Particularly, the partial charges of the atoms are determined by the charge equilibrium (QEq) method, as it is demonstrated that the calculated charge from QEq is in a good agreement with the ab initio calculation and experimental measurement [30] . At the molecular level, the model construction of the epoxy three-dimensional cross-linked network is carried out computationally by using Materials Studio software [31] . The inter-and intra-molecular interactions of the epoxy-bonded system are described by using the consistent valence force field (CVFF) [32, 33] . The applicability of CVFF in the investigation of the epoxy-bonded interface modeling and the adhesion measurement has been validated in previous studies [5, 8, [10] [11] [12] . The van der Waals and short-range Coulombic interactions are truncated at a distance of 10 Å, whereas the long-range Coulombic interaction is calculated with the particle-particle particle-mesh solver [34] . The partial charges of the atoms are estimated by using a bond increment method [35] . The velocity-Verlet integrator is used in the integration of the equations of motion using a time step of 1 fs.
The investigated epoxy material consists of the monomers forming the epoxy-based photoresist used in the MEMS applications [36, 37] . The epoxy monomer is based on the basic component of the diglycidyl ether of bisphenol A (DGEBA), where four DGEBAs are connected by the methylene group to form the monomer. The atomistic model of the epoxy monomer is shown in figure 2(a) . During the model construction, a total of thirty epoxy monomers (5970 atoms) are packed into a simulation cell to construct the initial uncross-linked structure. The initial density is set to be 1.07 g cm −3 , the value of which is in the range of the commercially available epoxy materials. Periodic boundary conditions are applied in all the three directions, and the vacuum space of 200 Å is set to ensure no cross-linking process between the mirrored systems. Unlike the periodic covalent network, which requires a cutting process to form the thin film structure before bonded to the substrate, the epoxy model here is treated as a single cluster, which can bond to the supporting substrate without further treatment. Subsequently, the molecular model is constructed by using a computational cross-linking algorithm developed in previous study [38] . Detailed steps involved in this algorithm are described in previous studies, which include the validation of the epoxy cross-linked structure in terms of its physical properties [11, 38] . The constructed epoxy model with the size of 5.9 nm×5.9 nm×4.7 nm possesses the maximum crosslinking density of 83%, which is close to those synthesized polymers through various experimental approaches [39, 40] . To represent the inhomogenous cross-linking density in the epoxy cured structure, another two cross-linking densities of 63%, and 73% are selected for the epoxy structure, which are achieved by deleting the created cross-links in the epoxy structure [41] . Specifically, the cross-links inside the epoxy structure are removed at orderly separated sites, and the randomly distribution of the cross-links remains in the newly created epoxy structures. The initial atomistic positions of these epoxy thin films are relatively the same before bonded to the substrate, which can minimize the effect of the initial configuration on the interfacial adhesion.
The focus of the simulation at the molecular scale is on the adhesion between the epoxy cross-linked thin film and the substrate, as well as on the motion of the epoxy structure and the water molecules during the pulling process, so as to explore the mechanism of the interfacial integrity. To simulate the film-substrate interaction, an energetic implicit wall representing a typical substrate in the experiment (such as the silica) is introduced at the bottom surface, which interacts with the epoxy thin film by using a truncated Lennard-Jones (LJ) 12-6 potential, as shown in equation (1), where z denotes the distance from the atom to the wall, z c is the cutoff distance of the interaction between the film and substrate, with a value of 10 Å, σ sub is the distance from the substrate at which the potential energy E sub crosses the zero axis, and ε sp denotes the film-substrate interaction strength, which affects the depth of the potential well. Here, σ sub has a value of 4.0 Å, which is close to the value of the polymersubstrate interaction in various studies [15, [42] [43] [44] [45] . Meanwhile, in order to observe a clear substrate effect, ε sp is chosen with a value of 3.0 kcal mol −1 , which leads to a surface energy of around 100 mJ m −2 that can be obtained for the atomically smooth surfaces, including the silica surface [46, 47] . The 12-6 LJ form is used to maintain the same definition of the potential terms for both the epoxy cohesive interaction and the film-substrate interaction, which allows an easier inter-molecular force comparison. After the definition of the substrate, the epoxy thin film is positioned at 0.5 nm above the substrate and normal to the z axis. The periodic boundary conditions are applied in the x-y plane, while the z dimension of the simulation cell is non-periodic. The dimension of the simulation cell is set to be 13.0 nm×13.0 nm×100.0 nm in order to prevent the interactions between the imaged epoxy models. The configuration for the epoxy thin film is shown schematically in figure 2(b).
Equilibration and SMD simulation
To reach the equilibrium state, the constructed epoxy-bonded system is subjected to the equilibration process by using the open source code LAMMPS [48] . During the equilibration process, the epoxy-bonded system is relaxed at 300 K for 2 ns in the NVT ensemble with the constant number of particles, volume, and thermostat temperature, which corresponds to the constant temperature experiments. The constant temperature is controlled by the Nosé-Hoover thermostat [49] . The equilibrated state of the system is affirmed by examining the RMSD of the atoms in the epoxy model, which reaches a constant level at the end of the equilibration. In order to simulate the saturated moisture condition, the equilibrated epoxy-bonded system is fully immersed in a water box with a thickness of around 9.0 nm, as shown in figure 2(c), which is sufficiently large for simulating the detachment process of the epoxy thin film. The water molecules employ the parameters of the TIP3P model [50] . The parameters of the CVFF potential are used to simulate the non-bonded interactions between the water molecules and the epoxy thin film. The applicability of CVFF in the investigation of the epoxybonded system under the moisture effect has been validated in our previous studies, which yield good agreements with the theoretical and experimental results [5, 8, [10] [11] [12] . After that, the epoxy-bonded system is further equilibrated at 300 K for 1 ns in the NVT ensemble in the dry and wet states, respectively. The RMSD of the epoxy atoms keeps at a constant level before the equilibration run is completed, which implies that the structure is equilibrated properly.
In order to determine the interfacial adhesion energy between the thin film and the substrate, the SMD simulation is employed, as similar to the investigation of the single epoxy chain bonded system [8] . In the simulations, the thin film is pulled off the fixed energetic wall by applying a steering force generated by a stiff spring tethered to the whole film. Each atom is individually subjected to a restoring force with a magnitude of k[vt − R(t) − R 0 ]m i /m, where k is the spring constant, v is the pulling rate, R 0 is the initial equilibrium position of the center of mass (COM) of the film, R(t) is the current position of the film COM at time t during the pulling process, m i is the mass of each atom and m is the total mass of the film. This setting can effectively constrain the COM of the film, while allowing the relaxation processes to occur within the film during the pulling simulation. The pulling force is normal to the wall and the spring constant k is chosen to be 200.0 kcal mol −1 Å −2 , which is used in previous interfacial adhesion studies of the polymer-bonded systems [15, 29] . The pulling rate v is varied over two orders of magnitude, ranging from 2.5 to 50.0 m s
, which is in the slow deformation regime, as demonstrated in our recent study on the epoxysilica interface [13] . Actually, the slow deformation regime allows the adequate dynamic evolution of the system under the applied SMD pulling force, such as the continuous breakage and reformation of the non-bonded interactions. Consequently, it enables a more accurate measurement of the intrinsic adhesion energy than the fast deformation regime. The mechanical response of the epoxy-bonded system is analyzed based on the conventional Bell's model, which has been extended to investigate the adhesion of the protein structures as well as of the epoxy-silica interface [8, 51, 52] . In the Bell's approach, the SMD simulation at various pulling rates can be used to gain information on the free energy landscape of the bilayer material system, which postulates a phenomenological theory in explaining the competing process due to the mechanical induced stabilities. Through the Bell's analysis, the energy barrier E b and the distance between the equilibrated state and the transition state x b can be found. In the modified Bell's model, a relationship between the pulling rate and the bond associated properties can be reached [52] , as shown in equation (2),
where f is the external applied force, k B is the Boltzmann constant, T is the temperature, with v 0 as the natural bond breaking speed, which is defined by using equation (3),
where ω 0 is the natural vibration frequency with a value of around 1×10 13 s −1 [52] . By substituting equation (3) into equation (2) and rearranging the equation with f as the subject, a relationship between the applied force f and the pulling rate v can be reached, as shown in equation (4), system. It should be mentioned that the maximum force recorded during the SMD simulation process under the constant pulling rate is taken as the value of f for the Bellʼs analysis. By plotting f against ln(v), the E b and x b for the system can be quantified through the slope and the y-intercept of the curve. The resulting value of E b represents the adhesion energy between the epoxy thin film and the substrate at the molecular scale, which is averaged over three sets of the SMD simulations.
Results and discussion
The results obtained from the method described in section 2 are presented here, together with the discussion about the interfacial integrity of the epoxy-bonded system in the dry and wet states obtained from the nanoscale MD simulations at room temperature. The simulation results based on a single epoxy chain attached on a silica surface show that the adhesion energy E b decreases in the wet scenario, from 9.1 to 7.7 kcal mol −1 in the peeling simulation and from 7.1 to 6.0 kcal mol −1 in the shearing simulation. The reduction in the adhesion energy demonstrates the deleterious effect of the moisture on the interfacial integrity of the epoxy-bonded system [8] . By observing the simulation process, it is noted that the water molecules seep into the gap between the epoxy chain and the substrate, as shown in figure 3 . These water molecules weaken the adhesion between the epoxy chain and the silica, which demonstrates that the space surrounding the epoxy chain allows the accumulation of water molecules, being one of the critical reasons for the interfacial debonding. From these observations, it is noted that a finite amount of the epoxy chains detached from the three-dimensional covalent network allows the accumulation of the water molecules, which significantly affects the epoxy-substrate interaction, and it is one of the fundamental mechanisms of the interfacial debonding.
After the characterization of the moisture effect at the atomistic level, the SMD simulation is carried out on the epoxy thin films with various cross-linking densities to understand the interfacial debonding of the epoxy crosslinked structure in the presence of the water molecules. During pulling the epoxy thin film off the substrate orthogonally to the interfacial plane, the maximum force f is recorded. For each investigated case, one set of the recorded f is plotted as a function of the pulling rate, as shown in figure 4 . It should be mentioned that v * is for the normalization purpose which equals 1 m s −1 . The simulation results are fitted by the extended Bellʼs theory, and the coefficient of determination of all the fitted curves is over 0.71. The adhesion energy of the epoxy thin film with the cross-linking density of 63%, 73%, and 83% is calculated and summarized in figure 5 , in both the dry and wet states. In the dry state, it is observed that the adhesion energy E b increases with the crosslinking density, with a value of 11.3±0.6 kcal mol −1 , 12.2±0.3 kcal mol −1 and 13.8±1.3 kcal mol −1 for the epoxy film with a cross-linking density of 63%, 73%, and 83%, respectively. The range of the simulated adhesion energy is close to the adhesion of 9.1 kcal mol −1 between the single epoxy chain and the silica substrate in the dry condition. The slight difference can be due to the reason that in the simulation at the atomistic level, the substrate is represented by the crystalline silica, while in the simulation at the molecular level, the substrate is represented by an energetic implicit wall. The different substrate can lead to the difference in the measured adhesion energy between the simulations at the atomistic and molecular level. Given that the calculated adhesion energies from different cases are at a magnitude close to each other, it indicates that the modeled implicit wall can play a similar role to the silica substrate. Meanwhile, the trend observed in this study is in accord with previous study, where the interfacial interaction energy between the epoxy thin film and the silica substrate decreases when the crosslinking density decreases, with the reason that the epoxy system with the lower cross-linking density forms fewer amounts of the hydrogen bonds (H-bonds) with the substrate [14] . In the wet state, the similar relation is observed between the adhesion energy and the epoxy cross-linking density, and the adhesion energy of all the investigated models is smaller when compared to the dry case, as shown in figure 5 . The measured adhesion reduction indicates that the epoxy structure with a relatively low cross-linking density possesses a reduced interfacial adhesion to the bonded material, e.g. the 63% in this study, which demonstrates that the region with the low cross-linking density is the most critical region to the structural failure during the long-term service life, especially in the moist condition.
To understand the mechanism of the interfacial adhesion variation of the different epoxy thin films, the local structural changes in the thin film is firstly examined in the dry and wet Figure 5 . The adhesion energy (E b ) as a function of the epoxy crosslinking density in both the dry and wet states at 300 K: the E b decreases with the decreasing cross-linking density in both states, demonstrating the weakened interfacial integrity of the thin film with the lower cross-linking density, and the E b of all the investigated models is smaller in the wet state, demonstrating the moistureaffected interfacial deterioration.
states, respectively. The packing of the epoxy cross-linked structure is quantified by computing the number density profile of the epoxy thin film along the direction orthogonal to the substrate, as shown in figure 6(a) with respect to the cross-linking density. In the dry state, three different regions are observed from the profile: an interfacial region with the well-defined peak positions near the substrate, an interior bulk-like region with an almost constant density, and a free-surface region with the lower density. The first peak in the profile is located at around 1.5 Å, which is denoted as ρ max , the maximum number density in the first layer of the bonded epoxy thin film, and the value of which is shown in figure 6(d) . For the epoxy with the lower cross-linking density, it is observed that the value of the ρ max and the bulk number density is higher, which indicates the closer contact of the epoxy thin film near the interface. In the wet state, the packing of the epoxy cross-linked structure is also quantified by computing the number density profile of the epoxy thin film near the substrate, as shown in figure 6(b) . Similarly, the ρ max and the bulk number density are relatively higher for the epoxy thin film with the lower crosslinking density. The simulation results indicate that the substrate-induced densification effect is stronger for the epoxy film with the lower cross-linking density. It is noted that recent simulation observations suggest that the polymer segment achieving a higher local density in the interfacial region gives rise to an enhanced interfacial adhesion [14, 15] . The discrepancy can be due to the fact that the epoxy film with the low cross-linking density in general possesses the poor structural integrity, which can be quantified by considering the conformational change of the epoxy thin film as it is detached from the substrate, as illustrated in figure 7 . The epoxy thin film experiences from the lower entropy clustered conformational state to the higher entropy stretched conformational state after the detachment from the substrate. It should be mentioned that the increase in the entropy change in general indicates the poor structural integrity. Notably, the change in the entropy increases for the epoxy with the low cross-linking density, which demonstrates its poor structural integrity. Due to the substrate adhesion, the film with the poorer structural integrity can achieve a more effective packing configuration in the interfacial region, which leads to the higher ρ max and bulk number density for the epoxy thin film with the lower cross-linking density. Furthermore, as the epoxy film with the lower cross-linking density possesses the poorer structural integrity, its adhesion to the substrate is smaller. Meanwhile, it is observed that the value of the ρ max for all the epoxy thin films is comparatively lower in the wet state, demonstrating the substrate-induced densification effect is weakened. This observation is consistent with the Figure 6 . Number density profiles of (a), (b) the epoxy thin film in the dry and wet state, and (c) the water molecules along the direction orthogonal to the substrate. (d) The maximum number density ρ max is defined as the peak value in the vicinity of the film-substrate interface.
configurational change from the dry to wet scenario as reported in our previous study, where the epoxy network is slightly detached from the silica substrate in the moist condition [11] . For the epoxy thin film with the lower cross-linking density, there is more available space in the structure, as can be seen by comparing the stretched configurations with different crosslinking densities. The available space allows the accumulation of the water molecules, which can affect the molecular interactions between the epoxy monomers, and the system interfacial integrity in the wet state, as discussed subsequently.
The different conformations of the epoxy films with various cross-linking densities indicate that the water molecules can influence the structure of the epoxy thin film, and the epoxy-bonded interface. To gain insight into the water behavior, the local distribution of the water molecules is firstly assessed by calculating the number density profile along the z direction, as shown in figure 6(c) , with the case of the cross-linking density of 83% as the example. The profile exhibits a well-defined peak near the substrate, marking a local aggregation of the water molecules along the bonded Figure 7 . Snapshots of the SMD simulation showing the conformational change of the epoxy thin film from the initial state where the film is attached to the substrate to the final state where the film is nearly detached from the substrate, which is represented by an energetic wall as labeled by a blue rectangle, with respect to the cross-linking density of: (a) 63%, (b) 73%, and (c) 83%. The conformation of the thin film changes from the clustered shape to a stretched shape associated with an increase in the entropy.
interface, which is consistent for all the cross-linking densities. This thin water layer affects the interaction between the epoxy thin film and the bonded substrate, and it is associated with the changes in the local structural properties of the epoxy thin film in the wet state. Apart from the effect on the filmsubstrate interaction, the water molecules can be adsorbed on the epoxy structure, and affect its molecular interaction. In the backbone of the epoxy structure, there are two important potential hydrogen bonding sites, i.e. the hydroxyl groups and the ether oxygens, which are highly electrophilic in nature and can affect the distribution of the surrounding water molecules due to the polar interactions. In order to characterize the water distribution, the radial distribution function (RDF) between the oxygen of the functional groups and the oxygen of the water molecules is computed, as shown in figure 8 with respect to the cross-linking density. For all of the RDFs, two peaks appear in the vicinity of the oxygen of the functional groups, which are positioned at approximately 2.8 and 5.0 Å and represent the two hydration shell structures. For the pronounced peaks of the water-hydroxyl RDFs positioned at approximately 2.8 Å, the distance is smaller than the cutoff distance of 3.5 Å between the donor and acceptor oxygen involved in the H-bond interaction [53] , which implies a high probability of the H-bond formation between the hydroxyl groups and the water molecules within this range. Meanwhile, the decrease of the second shoulder peak heights indicates that this hydration shell is weaker, and the H-bond is rarely formed within this hydration shell. Comparatively, for the water-ether RDFs, the peaks are lower than those of the water-hydroxyl RDFs, implying the lower probability of the H-bond formation between the ether groups and the water molecules. The RDFs with similar shapes and positions have been reported for a polymer material immersed in the water [54] . The RDF analyses reported here confirm the adsorption of the water molecules on the epoxy structure, especially in the vicinity of the hydroxyl groups.
Due to the existence of the epoxy functional groups, the preferential distribution of the surrounding water molecules can affect the molecular interaction of the epoxy structure. To gain insight into the interactions between the epoxy structure and the water molecules, the H-bond network is characterized, with the focus on the H-bond number among the functional groups in the epoxy structure, and between the epoxy and the water molecules. In this study, the H-bond formation is determined based on the two geometric criteria: the distance between the donor oxygen and the acceptor oxygen is smaller than 3.5 Å, and the angle of the donorhydrogen-acceptor is larger than 130° [53] . For determining the H-bond number, all of the potential hydrogen bonding sites in the epoxy structure is considered, including both the oxygen and hydrogen atoms of the hydroxyl groups and the oxygen atoms of the ether groups. The calculated number of the H-bonds among the functional groups in the epoxy structure is shown in figure 9 (a), in both the dry and wet states. As seen from this figure, the number of the H-bonds within the epoxy structure decreases for all the investigated epoxy structures in the wet state, which indicates that the nonbonded interaction of the epoxy structure can be interfered by the surrounding water molecules. This finding further demonstrates that the structural deterioration in the wet condition can be one of the major reasons for the interfacial debonding existed in various epoxy-bonded systems. To further quantify the moisture-affected interfacial integrity, the number of the H-bonds between the epoxy and the water molecules is calculated, as shown in figure 9(b) with respect to the cross-linking density. For the epoxy structure with the lower cross-linking density, the uncross-linked epoxide ring remains open [55, 56] , which possesses a larger amount of the hydroxyl groups in the open epoxide rings, leading to the stronger H-bond interactions with the water molecules. The water molecules interacting with the epoxy functional groups can disrupt the molecular interaction of the epoxy structure, which leads to the continuous decrease of the adhesion energy with the decreasing cross-linking density.
From these simulation results, it is observed that the interactions between the water molecules and the epoxy structure significantly affect the interfacial integrity of the epoxy-bonded interface, which agrees very well with the recent experiment study by using the superlayer approach [10] . The superlayer test for the interfacial adhesion characterization is based on the microscale bilayer material system consisting of an epoxy thin film and a silicon wafer with an oxide layer, as shown in figure 1 . For the samples in the dry condition, the interfacial adhesion energy (Γi) is measured with a maximum value of 24.5 J m −2 , while for the samples in the moist condition, the result shows that the Γi has an upper bound of 12.7 J m −2 , which is about half of that in the dry condition. Meanwhile, by using the high-resolution scanning electron microscope, it is observed that in the vicinity of the interfacial crack tip, there are some hair-like structures Figure 8 . The radial distribution function (RDF) between the oxygen of the epoxy functional groups and the oxygen of the water molecules with respect to the cross-linking density. The waterhydroxyl RDFs display the pronounced peaks at approximately 2.8 Å, implying a high probability of the hydrogen bond (H-bond) formation between the hydroxyl groups and the water molecules within this range. Comparatively, the peaks of the water-ether RDFs are lower, indicating the lower probability of the H-bond formation between the ether groups and the water molecules.
connecting the detached epoxy thin film and the silica substrate, in both the dry and wet conditions. Such hair-like structures originated from the epoxy thin film indicate that the interfacial debonding is initiated by the detachment of the epoxy chain from the silica substrate. In the wet condition, the water molecules can diffuse into the gaps generated by the hair-like structures close to the bonded interface, which consequently weakens the interfacial integrity, as shown in the schematic diagram in figure 10 . The experimental observation of the interfacial debonding process is in good accord with the simulation result obtained at the atomistic and molecular level. When focusing at the nanoscale, the atomistic and molecular models can mimic the debonding mechanism in both the dry and wet scenarios by capturing the detachment of the epoxy thin film from the bonded substrates, in the configuration of either a single chain or the cross-linked structure. The MD simulation results imply that in the moist environment, the water molecules can be absorbed into the available space in the epoxy-bonded interface, which affect both the film-substrate interaction and the molecular interaction of the epoxy structure, resulting in the reduction of interfacial adhesion energy. The observations at the nanoscale provide the structural basis for the global moisture-affected interfacial deterioration observed from the microscale superlayer test and the fracture-based study of the concrete/epoxy material system in the structural mechanics applications [7] . Figure 9 . (a) The relationship between the number of the H-bonds formed within the epoxy thin film and the cross-linking density in the dry and wet state: the decrease in the number of the H-bonds in the wet state indicates that the non-bonded interaction of the epoxy structure is interfered by the water molecules, demonstrating that the structural deterioration in the wet condition can be one of the major reasons for the moisture-affected interfacial debonding in the epoxy-bonded system. (b) The number of the H-bonds between the epoxy and the water molecules in the wet state, which increases with the decreasing cross-linking density: the water molecules interacting with the epoxy functional groups can significantly disrupt the molecular interaction of the epoxy structure, which leads to the continuous decrease of the adhesion energy with the decreasing cross-linking density. Figure 10 . Schematic diagram showing the deformation of (a) the epoxy thin film bonded to the silicon wafer with an oxide layer; (b), (c) the hair-like structures connecting the detached epoxy thin film and the substrate is formed in the vicinity of the crack tip, which allows the accumulation of the water molecules, weakening the interfacial integrity in the wet condition.
In this investigation, it is reported that there is a substantial decrease in the interfacial fracture toughness of the epoxybonded material system under the prolonged moisture exposure, which is accompanied with a shift of the failure mode from the material decohesion to the interface separation. This paper is believed to be the first attempt to explain the interfacial degradation of the epoxy-bonded system under the moisture effect by using the nanoscale simulation technique from the atomistic to molecular level, leading to the observation of the continuum-discrete transformation in the fracture initiation state.
Conclusion
In this study, the MD simulations were carried out to study the interfacial integrity of the epoxy-bonded system in dry and wet states at the nanoscale, and to elucidate the mechanism of the durability of the epoxy-bonded system by correlating with the microscale experiment. It was found from the MD simulation at the atomistic level that the epoxy chain allows the accumulation of the water molecules close to the bonded interface, which disrupts the film-substrate interaction, leading to the decrease of the interfacial adhesion energy. Further simulations at the molecular level demonstrate that the water molecules surrounding the epoxy crosslinked structure can disrupt the epoxy molecular interactions, and the epoxy thin film possesses the reduced interfacial adhesion energy in the wet state. The interfacial deterioration is more pronounced in the epoxy thin film with the lower cross-linking density, as such region shows a poorer structural integrity, where the interfacial debonding is initiated more easily. The simulation results at the nanoscale echo with the observation from the microscale superlayer test that the hairlike structures formed during the initiation of the interfacial crack are affected by the accumulated moisture, which has a deleterious effect on the interfacial integrity of the epoxysilica bonded system. The interplay between the epoxy hierarchical structures and the interfacial adhesion in the dry and wet conditions is useful for predicting the long-term performance of the epoxy-bonded material system, as the moisture absorption and the epoxy structural integrity can be varied due to the hydrolysis and the environmental aging. The simulation results suggest that the lower epoxy cross-linking density can result in a more severe deterioration of the interfacial integrity in the saturated moisture condition, which leads to a weakened structural behavior and a shortened service life of the epoxy-bonded system. For this reason, the surrounding humidity level should be carefully controlled to prevent an excess moisture penetration to the epoxy-based material systems, especially for those used in the structural applications, where the environmental aging of the material can be more severe. It is envisioned that our work will be beneficial to the design, synthesis and applications of the epoxy-bonded system with improved moisture barrier property.
